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Superconducting  maglev  vehicle  was  one  of  the  most  promising  applications  of  HTS  bulks.  In  such  a  sys¬ 
tem,  the  HTS  bulks  were  always  exposed  to  AC  external  magnetic  field,  which  was  generated  by  the  inho¬ 
mogeneous  surface  magnetic  field  of  the  NdFeB  guideway.  In  our  previous  work,  it  was  observed  that  the 
guidance  force  of  the  YBCO  bulk  over  the  NdFdB  guideway  used  in  the  high-temperature  superconducting 
maglev  vehicle  system  was  decayed  by  the  application  of  the  AC  external  magnetic  field.  In  this  paper,  we 
adopted  a  method  to  suppress  the  decay  by  altering  the  field-cooled  height  of  the  bulk.  From  the  exper¬ 
imental  results,  it  was  found  that  the  decay  rate  of  the  guidance  force  was  smaller  at  lower  field-cooled 
height.  So  we  could  suppress  the  guidance  force  decay  of  HTS  bulk  exposed  to  AC  external  magnetic  field 
perturbation  in  the  maglev  vehicle  system  by  reducing  the  field-cooled  height  of  the  bulk.  Furthermore, 
all  the  experimental  results  in  this  paper  were  explained  based  on  Bean  critical-state  model. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Magnetic  levitation  based  on  the  interaction  between  a  perma¬ 
nent  magnet  and  a  HTS  bulk  have  great  potential  for  various  engi¬ 
neering  applications  [1,2],  especially  in  high-temperature 
superconducting  maglev  vehicle  system  [3].  The  stability  of  the 
system  can  be  achieved  without  any  complex  control  owe  to  the 
pinning  effect  of  the  bulks  [4].  But  in  practice,  the  guideway  used 
in  the  HTS  maglev  vehicle  system  is  composed  of  many  NdFeB  per¬ 
manent  magnets  [5],  whose  surface  magnetic  field  is  not  always 
immutable  owe  to  the  effect  of  airgap  between  the  adjacent  mag¬ 
nets.  So  when  the  maglev  vehicle  is  running  over  this  guideway, 
the  bulks  onboard  will  be  exposed  to  time-varying  external  mag¬ 
netic  field  perturbations,  which  is  similar  to  AC  magnetic  field 
perturbations. 

The  guidance  force  is  an  important  parameter  of  the  HTS  mag¬ 
lev  vehicle  system.  Much  work  had  been  done  to  study  the  trapped 
field  characteristics  of  the  bulk  superconductor  in  time-varying 
external  magnetic  field  [6,7].  But  a  few  people  studied  the  influ¬ 
ence  of  time-varying  external  magnetic  field  on  guidance  force  of 
the  HTS  bulk  above  permanent  magnet.  In  our  previous  work,  we 
experimentally  investigated  the  influence  of  AC  external  magnetic 
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field  perturbation  on  the  guidance  force  of  HTS  bulk  over  a  NdFeB 
guideway.  From  the  experiment  results,  it  was  found  that  the  guid¬ 
ance  force  was  attenuated  with  the  application  of  the  AC  external 
magnetic  filed,  and  the  decay  increased  with  the  amplitude  of  AC 
field  [8].  It  was  disadvantageous  for  the  application  of  the  super¬ 
conducting  maglev  vehicle.  Because  the  stability  of  the  whole  mag¬ 
lev  vehicle  system  would  be  affected  owe  to  the  attenuation  of  the 
guidance  force.  So  we  should  make  effort  to  suppress  the  guidance 
force  decay.  In  this  paper,  we  carried  on  an  experiment  to  investi¬ 
gate  the  relationship  between  the  field-cooled  height  and  the 
guidance  force  decay  of  the  bulk  exposed  to  AC  magnetic  field  so 
as  to  find  a  method  to  suppress  the  guidance  force  decay. 

2.  Experiment 

2.1.  Equipment 

Fig.  1  was  a  schematic  drawing  of  the  experiment  system, 
which  was  composed  of  HTS  maglev  measurement  equipment 
[9],  a  NdFeB  guideway,  an  electromagnet,  and  a  YBCO  bulk. 

The  HTS  maglev  measurement  equipment  included  a  cylindrical 
liquid  nitrogen  vessel,  whose  bottom  wall  was  a  thickness  of  3  mm. 
The  measurement  process  and  data  acquisition  were  controlled 
automatically  by  a  computer.  The  guideway  were  composed  of 
two  rows  NdFeB  permanent  magnets  and  three  iron  yokes  which 
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Fig.  1.  Schematic  drawing  of  the  experiment  system  (1)  base,  (2)  lateral  drive 
platform,  (3)  NdFeB  guideway,  (4)  vertical  guide  way,  (5)  vertical  drive  platform,  (6) 
servo  motor,  (7)  guidance  force  sensor,  (8)  levitation  force  sensor,  (9)  liquid 
nitrogen,  (10)  electromagnet,  (11)  liquid  nitrogen  vessel,  (12)  YBCO  bulk,  (13)  iron 
yokes. 

was  used  for  concentrating  magnetic  flux  [5]  and  the  concentrating 
surface  magnetic  flux  density  of  the  guideway  was  up  to  0.7  T.  The 
electromagnet  was  composed  of  solenoid  coils  wound  with  copper 
wires.  The  outer  and  inner  diameters  and  the  height  of  coil  were 
80.0  mm,  45.0  mm,  and  40.0  mm.  In  this  experiment,  the  electro¬ 
magnet  would  generate  AC  magnetic  field  by  applying  AC  current. 
The  YBCO  bulk  employed  in  this  experiment  was  a  cylindrical  one, 
30.0  mm  in  diameter  and  15.0  mm  in  thickness.  When  the  experi¬ 
ment  was  performed,  the  guidance  force,  which  was  the  level  force 
between  the  bulk  and  the  guideway  in  the  maglev  vehicle  system, 
was  detected  by  the  guidance  force  sensor  and  the  data  acquisition 
was  transferred  to  the  HTS  maglev  measurement  system. 

2.2.  Procedure 

In  this  experiment,  we  employed  the  following  procedure. 
Firstly,  the  YBCO  bulk  was  placed  at  the  center  of  the  electromag¬ 
net,  and  the  both  were  fixed  in  the  liquid  nitrogen  vessel,  which 
was  placed  above  the  permanent  magnetic  guideway  at  a  certain 
height.  Secondly  the  vessel  was  filled  with  liquid  nitrogen  at  77  K 
to  let  the  bulk  transit  to  the  superconducting  state  in  the  presence 
of  magnetic  field  generated  by  the  permanent  magnetic  guideway. 
We  called  this  process  field-cooling  (FC).  The  gap  between  the  bot¬ 


tom  of  the  bulk  and  the  surface  of  the  guideway  was  field-cooling 
height  (FCH),  as  shown  in  Fig.  2.  Thirdly,  AC  external  magnetic  field 
generated  by  the  electromagnet  was  applied  to  the  bulk  and  the 
directions  were  paralleled  to  the  axis  of  the  cylindrical  bulk.  Final¬ 
ly,  moved  the  vessel  along  the  x  and  y  axis  direction  as  shown  in 
Fig.  1  and  measured  the  guidance  force  as  a  function  of  time.  In  this 
step,  the  gap  between  the  bottom  of  the  bulk  and  the  surface  of  the 
guideway  was  called  work  height  (WH),  and  the  distance  between 
the  center  of  the  bulk  and  the  one  of  the  guideway  surface  was 
called  lateral  displacement  (LD),  as  shown  in  Fig.  2.  In  this  paper, 
the  FCH  was  different  in  each  experiment,  and  all  the  LD  and  the 
WH  were  kept  constant  and  set  to  20  mm  and  10  mm,  respectively. 

3.  Result  and  discussion 

In  order  to  keep  the  guidance  force  of  the  vehicle  from  being 
attenuated  greatly,  we  should  make  effort  to  find  a  method  to  sup¬ 
press  the  guidance  force  decay  of  the  HTS  bulk  exposed  to  AC  mag¬ 
netic  field  perturbation  in  the  maglev  vehicle  system.  In  this  paper, 
we  tried  to  achieve  the  goal  mentioned  above  by  altering  the  FCH 
of  the  HTS  bulk.  In  our  previous  work,  we  reported  that  the  maxi¬ 
mal  difference  value  of  the  surface  magnetic  field  at  the  height  of 
10  mm  over  the  NdFeB  guideway  was  no  more  than  0.01  T  and 
the  guidance  force  decay  was  almost  independent  of  the  frequency 
of  the  AC  field  [8].  So  we  employed  the  following  experiment  in 
this  paper.  AC  external  magnetic  field  with  different  amplitudes 
Bac  and  frequency /=  120  Hz  was  applied  to  the  HTS  bulk  placed 
in  the  liquid  nitrogen  vessel.  The  amplitudes  Bac  were  0.01  T, 
0.021  T,  0.033  T  and  0.046  T,  respectively.  The  FCH  were  set  to 
10  mm,  15  mm  and  20  mm,  respectively.  And  the  WH  and  the  LD 
were  kept  constant  and  set  to  10  mm  and  20  mm  in  all  the  exper¬ 
iment,  respectively. 

When  the  AC  field  was  not  applied,  the  value  of  the  guidance 
force  was  called  initial  value.  With  the  application  of  the  AC  mag¬ 
netic  field,  the  guidance  force  decayed  rapidly.  After  about  100  s  la¬ 
ter,  the  guidance  force  would  relax  to  achieve  stability,  and  the 
value  of  the  guidance  force  at  this  moment  was  called  stable  value, 
as  shown  in  Ref.  [8].  The  stable  values  of  the  guidance  force  of  the 
bulk  with  different  field-cooling  height  were  shown  in  Table  1. 
From  the  experiment  results,  we  could  conclude  that  the  guidance 
force  decayed  with  the  increase  of  the  amplitude  of  AC  field.  In  or¬ 
der  to  investigate  the  relationship  between  the  FCH  and  the  guid¬ 
ance  force  decay  rate  of  the  bulk  exposed  to  AC  magnetic  field,  we 
computed  the  guidance  force  decay  which  was  obtained  by  sub¬ 
tracting  the  stable  valve  from  the  initial  value.  The  ratio  of  the 
guidance  force  decay  to  the  initial  value  was  defined  as  the  guid¬ 
ance  force  decay  rate.  The  relationship  between  the  guidance  force 
decay  and  the  amplitudes  Bac  of  the  AC  external  magnetic  field  was 
shown  in  Table  2.  The  guidance  force  decay  in  the  case  of  zero  AC 
external  magnetic  field,  i.e.,  only  flux  creep,  was  very  small  and  ig¬ 
nored  in  our  experiments. 

Fig.  3  showed  the  guidance  force  decay  rate  of  the  bulk  exposed 
to  the  AC  external  magnetic  field  with  the  different  amplitudes  Bac. 
When  the  amplitude  of  AC  external  magnetic  field  Bac  was  in- 


Table  1 

The  value  of  the  guidance  force  compared  with  the  amplitudes  Bac  of  the  AC  field. 


Bac(T) 

Guidance  force  (N) 

FCH  =  10  mm 

FCH  =  15  mm 

FCH  =  20  mm 

0 

8.42 

5.06 

3.21 

0.011 

7.95 

4.71 

2.92 

0.021 

7.72 

4.47 

2.74 

0.033 

7.47 

4.22 

2.58 

0.046 

7.15 

3.93 

2.38 

Fig.  2.  Schematic  drawing  of  the  experimental  procedure. 
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Table  2 

The  guidance  force  decay  rate  compared  with  the  amplitudes  Bac  of  the  AC  field. 


Bad  T) 

Guidance  force  decay  rate  (%) 

FCH  =  10  mm 

FCH  =  15  mm 

FCH  =  20  mm 

0 

0 

0 

0 

0.011 

5.6 

6.9 

9.0 

0.021 

8.3 

11.7 

14.6 

0.033 

11.3 

16.6 

19.6 

0.046 

15.1 

22.3 

25.9 

Fig.  3.  Experimental  results  of  the  guidance  force  decay  rate  of  the  bulk  exposed  to 
AC  field  in  the  different  FCH  cases. 


creased  from  small  to  large,  the  guidance  force  decay  rate  also  in¬ 
creased  accordingly.  The  FCH  of  the  bulk  were  different,  so  were 
the  guidance  force  decay  rate.  Under  the  condition  of  the  same 
WH,  the  higher  the  FCH  was,  the  more  the  guidance  force  decay 
rate  was.  As  shown  in  Fig.  3,  the  guidance  force  decay  rate  of  the 
bulk  whose  FCH  was  set  to  20  mm  was  the  largest.  In  other  words, 
with  the  application  of  the  same  AC  external  magnetic  field,  the 
guidance  force  decay  rate  could  be  decreased  by  reducing  the 
FCH  of  the  bulk. 

As  far  as  the  high-temperature  superconducting  maglev  vehicle 
system  was  concerned,  the  guidance  force  was  an  important 
parameter.  When  the  vehicle  was  running  over  the  NdFeB  guide¬ 
way,  the  bulks  onboard  were  exposed  to  time-varying  magnetic 
field  perturbations,  which  was  similar  to  AC  field  perturbations 
in  our  experiment.  The  perturbations  decayed  the  guidance  force 
of  the  bulks  and  even  affected  the  stability  of  the  whole  maglev 
vehicle  system.  So  based  on  the  experimental  results  mentioned 
above,  we  could  suppress  the  guidance  force  decay  by  reducing 
the  FCH  of  the  bulks  properly. 

According  to  the  Bean  critical-state  model  [10],  for  an  infinitely 
long  superconducting  cylinder  of  radius  R  subjected  to  external  AC 
magnetic  field  of  amplitude  Bac  paralleled  to  the  cylinder  axis,  the 
distributions  of  the  trapped  magnetic  field  B  and  current  density  J 
are  shown  in  Fig.  4. 

Jc  is  the  critical  current  density  of  the  bulk.  In  the  initial  state, 
the  distributions  of  the  trapped  magnetic  field  and  the  shielding 
current  in  the  cylindrical  bulk  were  shown  by  dashed  line  in 
Fig.  4.  The  YBCO  bulk  was  cooled  over  the  NdFeB  guideway,  so 
the  more  the  bulk  was  closed  to  the  guideway  surface,  the  stronger 
the  trapped  magnetic  field  of  the  bulk  was.  Therefore,  the  trapped 
magnetic  field  Bt0  of  the  bulk  which  was  cooled  at  higher  FCH  was 
weaker  than  the  trapped  magnetic  field  Bt0  of  the  one  cooled  at 
lower  FCH.  When  the  bulk  was  exposed  to  AC  magnetic  field,  the 
AC  filed  would  penetrate  into  the  cylinder  from  the  surface,  and 


a  b 


_  After  application  of 

AC  magnetic  field 

Fig.  4.  Distributions  of  the  trapped  magnetic  field  B  and  current  density  J  in  the 
bulk  exposed  to  AC  magnetic  field:  (a)  the  bulk  was  cooled  at  higher  FCH;  (b)  the 
bulk  was  cooled  at  lower  FCH. 


the  penetration  depth  of  the  AC  field  dm  was  given  by  the  following 
equation  [11]. 

dm  —  Bac/ f^oJci 

where  fi0  is  the  magnetic  permeability  in  vacuum.  Therefore,  no 
matter  whether  the  FCH  were  equal  or  not,  the  trapped  penetration 
depths  dm  were  always  equal  owe  to  the  same  amplitude  Bac  of  the 
AC  field,  as  shown  in  Fig.  3. 

When  the  AC  field  was  decreased  gradually  to  zero,  the  mag¬ 
netic  field  and  the  shielding  currents  in  the  penetration  area  would 
become  zero  [12,13],  so  the  guidance  force,  which  was  dependent 
on  the  trapped  flux  [14],  would  be  decreased.  The  distributions  of 
the  trapped  magnetic  field  and  the  shielding  current  in  the  bulk 
were  shown  by  real  line  in  Fig.  4.  The  peak  values  of  the  trapped 
magnetic  field  of  the  bulk  which  was  cooled  at  higher  FCH  and 
lower  FCH  were  denoted  by  Bt  and  Bt  in  this  state,  respectively. 
From  the  Fig.  4,  it  was  conclude  that  the  tapped  magnetic  field 
was  decay  owe  to  the  application  of  the  AC  magnetic  field.  And 
the  decay  rate  of  the  bulk  cooled  at  lower  FCH  was  smaller  than 
the  one  of  the  bulk  cooled  at  higher  FCH.  So  the  guidance  force  de¬ 
cay  rate  of  the  bulk  cooled  at  lower  FCH  was  also  smaller.  It  was 
agreement  with  the  experimental  results  as  shown  in  Fig.  3. 

4.  Conclusion 

We  have  putted  forward  a  method  to  suppress  the  guidance 
force  decay  of  the  bulk  exposed  to  AC  magnetic  field  perturbation 
over  the  NdFeB  guideway  by  experiment.  The  experiment  results 
showed  that  the  guidance  force  decay  rate  could  be  decreased  by 
reducing  the  FCH  of  the  bulk.  All  the  results  were  explained  based 
on  the  Bean  critical-state  model.  So  in  order  to  keep  the  guidance 
force  of  the  vehicle  from  being  attenuated  greatly,  we  could  prop¬ 
erly  reduce  the  FCH  of  the  bulks  onboard  in  the  maglev  vehicle 
system. 
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